SUMMARY. The study examined the possibility that organic calcium channel blockers alter autonomic nervous system function by acting on brainstem neurons. Intracistemal administration of diltiazem or verapamil produced dose-related decreases in arterial pressure and heart rate. Diltiazem administered by drop on the dorsal surface of the brainstem at the obex or microinjected directly into the nucleus tractus solitarius also decreased arterial pressure and heart rate. The responses were absent or markedly attenuated in rats previously treated with 6-hydroxydopamine or with bilateral electrolytic lesions of the nucleus tractus soh'tarius but were preserved in rats treated with atropine or with sham nucleus tractus solitarius lesions. Nifedipine or ethylene glycol-bis-(/3-aminoethyl ether)N,N'-tetraacetic acid administered on the dorsal surface of the brainstem at the obex decreased arterial pressure and heart rate. Vehicle, acid saline, or sucrose solution failed to alter arterial pressure or heart rate. These results suggest that organic calcium channel blockers produce excitation of the nucleus tractus solitarius neurons, directly or indirectly, which results in the withdrawal of sympathetic nervous activity and in the decrease in arterial pressure and heart rate. The results suggest that calcium ion plays an important role in maintaining integral function of neurons in the brainstem, particularly in the nucleus tractus solitarius. (Circ Res 57: 244-251, 1985) 
SUMMARY. The study examined the possibility that organic calcium channel blockers alter autonomic nervous system function by acting on brainstem neurons. Intracistemal administration of diltiazem or verapamil produced dose-related decreases in arterial pressure and heart rate. Diltiazem administered by drop on the dorsal surface of the brainstem at the obex or microinjected directly into the nucleus tractus solitarius also decreased arterial pressure and heart rate. The responses were absent or markedly attenuated in rats previously treated with 6-hydroxydopamine or with bilateral electrolytic lesions of the nucleus tractus soh'tarius but were preserved in rats treated with atropine or with sham nucleus tractus solitarius lesions. Nifedipine or ethylene glycol-bis-(/3-aminoethyl ether)N,N'-tetraacetic acid administered on the dorsal surface of the brainstem at the obex decreased arterial pressure and heart rate. Vehicle, acid saline, or sucrose solution failed to alter arterial pressure or heart rate. These results suggest that organic calcium channel blockers produce excitation of the nucleus tractus solitarius neurons, directly or indirectly, which results in the withdrawal of sympathetic nervous activity and in the decrease in arterial pressure and heart rate. The results suggest that calcium ion plays an important role in maintaining integral function of neurons in the brainstem, particularly in the nucleus tractus solitarius. (Circ Res 57: 244-251, 1985) ORGANIC calcium channel blockers produce direct depression of myocardial contractility and sinus node automaticity, as well as relaxation of coronary and peripheral blood vessels (Taira, 1979; Braunwald, 1982; Millard et al., 1982) , by inhibiting calcium influx into the cells (Fleckenstein, 1977) . Recent studies indicate that calcium channel blockers interact with the autonomic nervous system at various levels such as synapses, neuromuscular junctions, and sensory receptors (Gothert et al., 1979; Suzuki et al., 1982; Heesch et al., 1983; Kuriyama et aU 1983; Nishi et al., 1983) . In intact animals, the effects on the autonomic nervous system may significantly modify their direct effects on cardiovascular function (Nakaya et al., 1983) .
It has been shown that receptors for calcium channel blockers are present in the brain Curtis and Catterall, 1983) , and that diltiazem accumulates in the brain after being administered intravenously (Sakuma et al., 1971) . It has also been shown that calcium ion is involved in the release in the central nervous system of various neurotransmitters such as norepinephrine, acetylcholine, or 7-aminobutyric acid (GABA) (Pearce et al., 1981; March et al., 1983; Schoffelmeer and Mulder, 1983) , which have been shown to influence the autonomic nervous system and to alter cardiovascular function (De Jong, 1974; De Jong and Nijkamp, 1976; Persson, 1980; Bousquet et al., 1982; Unger et al., 1984) . It has also been suggested that calcium ion may play an important role in regulating receptor sensitivity to neurotransmitters (Magazanik and Vyskool, 1970; Manthey, 1972; Baudry and Lynch, 1980; Miledi, 1980) . Despite these previous studies, it is not known whether calcium channel blockers alter autonomic nervous system function by acting on the central nervous system, particularly in the brainstem.
In this study, we examined the effects of diltiazem, verapamil, and nifedipine, as well as ethyleneglycol-bis-(/3-amino-ethyl ether)-N,N' -tetraacetic acid (EGTA), administered into the cisterna magna, on the dorsal surface of the brainstem at the obex or directly into the nucleus tractus solitarius (NTS), on arterial pressure and heart rate. The results suggest that calcium channel blockers administered in the brainstem produce excitation of the NTS neurons, resulting in the withdrawal of sympathetic outflow.
Methods
Experiments were performed on 93 male Wistar-Kyoto rats weighing 270-370 g, anesthetized with urethane (1.2-1.4 g/kg-'P) or a-chloralose (60 mg/kg, iv). Polyethylene cannulas were inserted in a femoral artery for recording of arterial pressure and in a femoral vein for administration of drugs. The arterial cannula was connected to a Statham P23Db transducer. Heart rate was determined with a cardiotachometer (Nihon Denki Sanei 2140) triggered by arterial pulsation.
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The rat was placed in a stereotaxic apparatus (Narishige) with the head flexed downward to 45°. A midline incision was made through the dorsal neck muscles. After the atlanto-occipital membrane was exposed, a glass micropipette (tip o.d. 100-200 pm) vvas introduced into the cisterna magna and connected by polyethylene tubing into a Hamilton microsyringe (no. 710-LT) driven by a microinfusion pump (Narishige IM-1). Thirty minutes were allowed for stabilization before beginning the protocols. Diltiazem (10, 30, and 100 nmol) or verapamil (3, 10 , and 30 nmol) dissolved in physiological saline was administered into the cistema magna in a volume of 1.0 pi in 15 seconds. Arterial pressure and heart rate were continuously recorded throughout the experiment. Each rat received three doses of diltiazem or verapamil. Repeated injections of the drug were separated by at least 30 minutes. The following control studies were done. First, to determine the reproducibility, we examined responses to repeated injections of the same dose of diltiazem (30 nmol) or saline (vehicle), three times. Second, we examined the effects of acidity or osmolarity of the drug solution, and responses to acid saline or sucrose solution. The pH of acid saline (pH 4.4) or the osmolarity of sucrose solution (483 mOsm/liter) was adjusted to be comparable to that of the highest concentration of the drug solution. Third, for time control, changes in arterial pressure and heart rate with time were examined in rats in which a micropipette was inserted, but which received no drug or saline injections. Fourth, arterial pressure and heart rate responses to intravenously administered diltiazem (100 nmol) or verapamil (30 nmol) were examined.
To determine whether arterial pressure and heart rate responses to intracistemally administered diltiazem were neurally mediated, we examined responses to diltiazem (30 and 100 nmol) in rats treated with 6-hydroxydopamine (6-OHDA) or atropine. 6-OHDA (100 mg/kg) was administered intraperitoneally 3-4 days before the experiment (De Champlain, 1971; Vapaatalo et al., 1974) . Atropine (1.0 mg/kg) was administered intravenously 10 minutes before the experiment.
To determine whether the NTS neurons were involved in arterial pressure and heart rate responses to intradsternally administered diltiazem, we examined the responses to diltiazem (100 nmol) following bilateral electrolytic lesions of the NTS. In this study, rats were anesthetized with a-chloralose (60 mg/kg, iv) and were given succinylcholine chloride (1 mg/kg, iv). Supplemental doses (10 mg/kg/ iv) of a-chloralose were given hourly. Rats were intubated and artifically ventilated with room air mixed with oxygen. The NTS lesions were made by a modification of the method described by Doba and Reis (1973) . In short, after opening the atlanto-occipital membrane, a monopolar electrode consisting of a Teflon-coated stainless steel wire (diameter, 0.15 mm) with the tip exposed (0.2 mm) was placed in the NTS at the following coordinates: 0.5 mm lateral to the obex and 0.9 mm below the dorsal surface of the brainstem. Bilateral electrolytic lesions were made by passing an anodal DC current (1 mA, 9 seconds). Diltiazem (100 nmol in 1.0 pi) was administered by drop on the dorsal surface of the brainstem at the obex, since the atlanto-occipital membrane had been opened. Two additional studies were done as control. We examined: first, responses to saline (vehicle), given by drop, and second, responses to diltiazem (100 nmol), administered by the same method, after sham operation, during which an electrode was inserted into the NTS bilaterally without passing a DC current. We also examined reflex bradycardia during acute elevation of blood pressure produced by intravenous injection of phenylephrine (6-12 Mg/kg) before and after bilateral electrolytic lesions of the NTS. We confirmed that bilateral NTS lesions elevated mean arterial pressure (before 111 ± 2 mm Hg and after 180 ± 4 mm Hg, P < 0.01) and abolished heart rate responses to intravenous phenylephrine (AHR in response to an elevation of arterial pressure by about 50 mm Hg; -57 ± 13 beats/min before and -1 ± 2 beats/ min after bilateral NTS lesions). The baseline heart rate at the examination of reflex bradycardia was 361 ± 5 beats/ min before and 290 ± 1 7 beats/min after bilateral NTS lesions.
To examine the direct effect of diltiazem on the NTS, we microinjected diltiazem (20, 60, and 140 nmol) into the right NTS in a volume of 0.2 pi in a few seconds through a glass micropipette (tip o.d. 50-100 pm). As control, an injection of saline (vehicle) into the right NTS (0.2 pi) was made. Diltiazem (140 nmol) was also injected into the adjacent areas of the right NTS, 1 mm lateral as well as 1 mm caudal at a depth of 0.9 mm below the dorsal surface of the brainstem. The injection sites were marked by injecting 0.2 pi of Brilliant blue dye in each rat. At the termination of the experiments, the brains were fixed in 10% formalin and embedded in paraffin. Serial sections, 6 ^un thick, were made and stained with cresyl violet Luxol fast blue for the histological examinations of the injection site of the electrolytic lesions of the NTS neurons.
Finally, to determine whether responses to diltiazem or verapamil were related to blockade of calcium current, we studied responses to nifedipine (3 nmol in 1 pi) or EGTA (50 nmol in 5 pi) which were administered by drop on the dorsal surface of the brainstem at the obex. Nifedipine, which has little effect on sodium current (Bayer et al., 1977; Nabata, 1977) , was dissolved in the solution made of ethanol, polyethylene glycol 400, and distilled water. EGTA was dissolved in distilled water, and pH was corrected by adding 60 mmol NaOH. The pH of the EGTA solution was 7.4. As control, responses to vehicle administered by the same method were examined.
Paired or unpaired f-test or analysis of variance was used for statistical analysis. P S 0.05 was considered as statistically significant. All data are expressed as mean ± SEM.
Results
Responses to Intracisternal Administration of Diltiazem or Verapamil
Administration of physiological saline (vehicle), acid saline, or sucrose solution failed to alter, or produce minimal changes in, arterial pressure and heart rate ( Table 1) . Diltiazem as well as verapamil produced dose-related decreases in arterial pressure and heart rate (Table 1; Fig. 1 ). Repeated (three) injections of 30 nmol of diltiazem yielded reproducible changes in arterial pressure and heart raterepeated injections of physiological saline did not produce changes in arterial pressure or heart rate ( Table 2) . Arterial pressure returned to baseline after each injection of diltiazem, but heart rate showed a progressive decrease after each injection (Table 2) . However, the progressive decrease in heart rate also was observed in rats given repeated physiological saline injections (Table 2) , or in rats for time control. Heart rate in time-control rats decreased progres- All values are expressed as mean ± SEM. *P < 0.05; \ P < 0.01, compared with the respective value obtained with saline injection, shown in Table 2 . Baseline heart rates decreased progressively with repeated injections (J P < 0.05; § P < 0.01 when compared to the value before the first injection).
sively from 329 ± 14 beats/min at 30 minutes to 294 ± 1 3 and 273 ± 1 1 beats/min at 60 and 90 minutes, respectively (P < 0.01 for both as compared to the initial value) (n = 5). The magnitude of the decrease in heart rate with time was not different between rats injected with diltiazem and those injected with physiological saline or for time control (Table 2) . We examined responses to diltiazem (100 nmol) in time-control rats when baseline heart rate decreased to 228 ± 8 beats/min. Diltiazem decreased arterial pressure by 18.3 ± 1.5 mm Hg and heart rate by 29 ± 2 beats/min (n = 3).
An intravenous injection of the largest dose of diltiazem (100 nmol) or verapamil (30 nmol) did not alter arterial pressure or heart rate (Aarterial pressure, 0 ± 0.3 mm Hg by diltiazem and -0.4 ± 0.2 mm Hg by verapamil; Aheart rate, -0.4 ± 0.5 beats/ min by diltiazem and -1.2 ± 0.7 beats/min by verapamil).
Diltiazem (30 and 100 nmol) did not decrease arterial pressure or heart rate in rats previously treated with 6-OHDA, but produced responses in rats treated with atropine diltiazem (100 nmol) that were comparable to those observed in untreated rats (Table 3) .
Responses to Diltiazem Administered on the Dorsal Surface of the Brainstem with or without the NTS Lesions (Table 4) Diltiazem (100 nmol) administered by drop on the dorsal surface of the brainstem at the obex decreased arterial pressure and heart rate in rats with sham operation. Physiological saline (vehicle) adminis- Heart rate Before injection (beats/min) Maximal change (A beats/min) 100 ± 4 96 ± 5 97 ± 6 98 ± 7 96 ± 4 95 ± 3 -10.6 ±0.8 -10.8 ±2.2 -11.6 ±1.0 -0.4 ± 0.5 -0.4 ± 0.2 -0.8 ± 0.4 320 ±17 298 ± 12 284 ± 9* 309 ± 21 275 ± 15J 262 ± 16f -24.6 ± 4.2 -20.0 ± 4.7 -14.6 ± 1.3 -0.2 ± 0.2 -0.2 ±0.2 0 ± 0 All values are expressed as mean ± SEM. Maximal changes in arterial pressure and heart rate following repeated injections of diltiazem were not different between first, second, and third injection. Baseline arterial pressures were not different before each injection but baseline heart rates showed progressive decreases (* P < 0.05; f P < 0.01, compared with the value before the first injection).
tered by the same method did not alter arterial pressure or heart rate. Bilateral electrolytic lesions of the NTS prevented arterial pressure as well as heart rate response to diltiazem. (Table 5) Diltiazem (20, 60, and 140 nmol) microinjected into the NTS significantly decreased arterial pressure and heart rate, but saline did not. Diltiazem (140 nmol) injected 1 mm lateral or 1 mm caudal to the NTS caused either no change, or markedly attenuated changes, in arterial pressure and heart rate.
Responses to Intra-NTS Injections of Diltiazem
Responses to Nifedipine or EGTA (Table 6)
Nifedipine (3 nmol) or EGTA (50 nmol) dropped on the dorsal surface of the brainstem at the obex decreased arterial pressure and heart rate. Vehicles administered by the same method did not alter arterial pressure or heart rate.
Histological Examination
Microscopic examination revealed that 0.2 nl of dye microinjected into the right NTS region spread in a circle with a diameter of about 0.5 mm in the cross-section of the brainstem at the level of the obex. Bilateral NTS lesions were confirmed in all rats microscopically (Fig. 2) . The electrolytic lesions of the brainstem effectively producing hypertension destroyed the NTS and adjacent tractus solitarii bilaterally at the level of the obex. The dorsal motor nucleus of the vagus was often partially involved.
Discussion
The results of this study indicate that administration of diltiazem or verapamil into the cisterna All values are expresssed as mean ± SEM. ' P < 0.01, compared with the respective value in untreated rats, shown in Table 1 .
All values are expressed as mean ± SEM. * P < 0.01, compared with the value in rats with sham operation. All values are expressed as mean ± SEM.
• P < 0.05; t P < 0.01, compared with the value obtained with intra-NTS saline injection.
magna produced dose-related decreases in arterial pressure and heart rate, These responses to calcium channel blockers administered intracisternally were not observed in rats previously treated with 6-OHDA, but were preserved in rats treated with atropine. These results suggest that the decreases in arterial pressure and heart rate were primarily mediated by the withdrawal of sympathetic nervous activity. Diltiazem administered on the dorsal surface of the brainstem at the obex produced similar responses, which were markedly attenuated by bilateral electrolytic lesions of the NTS but were preserved in rats with sham NTS lesions. These results suggest that neurons of the NTS were involved in these responses and that the withdrawal of sympathetic nervous activity which occurred in response to calcium channel blockers administered into the brainstem was mediated largely by the excitation of the NTS neurons . This consideration is supported by the finding that diltiazem microinjected into the NTS region decreased arterial pressure and heart rate, whereas injections into the adjacent areas of the NTS produced no significant changes. However, we do not know whether calcium channel blockers as administered intracisternally or on the dorsal surface of the brainstem acted directly on the NTS neurons or caused the excitation in other portions of the brainstem which was relayed into the NTS neurons.
We should consider the possibility that arterial pressure and heart rate changes in response to diltiazem or verapamil were related to mechanisms other than the inhibitory effects on calcium entry influx in the brainstem neurons. Specifically, we should consider the possibility that arterial pressure and heart rate changes in responses to drug administrations might have resulted from (1) nonspecific mechanisms, such as mechanical stimulation, vehicle, acidity, or osmolarity of the drug solutions, (2) the toxic effects of drugs on the brainstem neurons, or (3) the effects of the drugs on the sodium currents.
However, changes in arterial pressure or heart rate in response to injections of diltiazem or verapamil were not due to mechanical stimulation, ve- All values are expressed as mean ± SEM. * P < 0.05; t P < 0.01, compared with the value obtained with vehicle injection. hide, acidity, or osmolarity of the solutions. Intracisternal injections of vehicle, acid saline, or sucrose solution, or administration of vehicle on the dorsal surface of the brainstem or into the NTS in the same volumes as drug solutions did not alter arterial pressure or heart rate.
It appears unlikely that responses to calcium channel blockers administered intracisternally were related to the toxic effects of the drugs causing cellular damages. When repeated injections of diltiazem into the cisterna magna were made, arterial pressure returned to baseline within a few minutes after each injection (Fig. 1) . Heart rate showed a progressive decrease, but the magnitudes of the decreases in heart rate with time with repeated injections of diltiazem were not different from those resulting from repeated injections of saline or those observed in time control rats, suggesting that the decreases in heart rate probably did not result from the drug. The possibility that cellular damage due to drug toxicity caused the observed responses should be considered, particularly when diltiazem was injected into the NTS, since the concentrations of diltiazem were high. However, this possibility appears unlikely, since available evidence suggests that cellular damage or toxic effects on the unilateral NTS neurons do not alter or increase arterial pressure and heart rate. Destruction of the unilateral NTS by electrolytic lesion did not alter, or produced only a small increase in, arterial pressure (Doba and Reis, 1973) . A unilateral injection of kainic acid at a toxic dose caused an increase, not a decrease, of arterial pressure and heart rate (Talman et al., 1981) , suggesting that toxic kainic acid inhibited but did not excite the NTS neurons.
It has been shown that verapamil and diltiazem have an inhibitory influence on the sodium currents in addition to calcium entry (Bayer et al., 1975; Nakajima et al., 1975; Nabata, 1977) . Heesch et al. (1983) have demonstrated that the effect of verapamil on the baroreceptors is predominantly on the sodium currents. Thus, it is possible that the observed responses to diltiazem and verapamil are related to their effects on the sodium currents. However, EGTA, as well as nifedipine, which has little influence on the sodium currents (Bayer et al., 1977; Nabata, 1977) , produced responses similar to those caused by diltiazem and verapamil. These results suggest that the decreases in arterial pressure and heart rate in response to calcium channel blockers were related to the inhibition of calcium entry.
The concentrations of calcium channel blockers used in this study were considerably higher than those reported by Nachshen and Blaustein (1979) which were necessary to block calcium uptake by synaptosomes. However, it is likely that higher concentrations were required because the drugs were injected in a very small volume. Dilution of the drugs by cerebrospinal fluid must have occurred when the drugs were injected intracisternally or were dropped on the dorsal surface of the brainstem. When injected into the NTS region, diltiazem must have diffused and spread, since it is probable that a large number of the NTS neurons is needed to elicit the responses. It is not possible to know the concentration of diltiazem at the neurons after diffusion.
The doses of diltiazem injected intracisternally were not markedly different from those injected into the NTS region. Although we do not know the concentrations of diltiazem after it was diluted by cerebrospinal fluid or diffused over the NTS region, these results suggest that diltiazem as injected intracisternally might have excited the neurons located dose to the surface of the brainstem, and that extitation was relayed into the NTS neurons. In addition, diltiazem as injected intracisternally must have acted on the bilateral neurons of the brainstem, whereas injection into the NTS region was unilateral. This difference may also have contributed to the results.
The results of this study suggest that the decrease in heart rate, as well as in arterial pressure in response to diltiazem administered intracistemally, was mediated largely by the withdrawal of sympathetic nervous activity which resulted from the excitation of the NTS neurons. It has been suggested that bradycardia caused by stimulation of the NTS neurons involves the parasympathetic as well as the sympathetic nervous system (De Jong and Nijkamp, 1976) . However, bradycardia caused by a-methylnoradrenaline administered into the NTS regions was largely preserved after atropine and vagotomy (De Jong and Nijkamp, 1976) , which suggests that bradycardia was mediated primarily by the withdrawal of sympathetic nervous activity.
The results of this study suggest that calrium channel blockers produced excitation of the NTS neurons, possibly directly or indirectly, to cause the sympathetic withdrawal. However, the mechanisms by which the NTS neurons or neurons in other portions of the brainstem were exdted by caldum by guest on September 23, 2017 http://circres.ahajournals.org/ Downloaded from channel blockers remain speculative. Studies on the nerve or other excitable cells suggest that removing extracellular calcium ion or block of calcium entry into the cells increases excitability of these cells, possibly by interfering with the membrane-stabilizing effect of calcium ion (Poste and Allison, 1973; Andersen et al., 1979) or by blocking calcium-dependent outward potassium current which would result in relative depolarization and excitation (Nishi et al., 1983) . It is possible that calcium channel blockers increase excitability of neurons of the brainstem as they do excitability of the nerve or other excitable cells. In addition, it is suggested that calcium ion may play an important role in regulating receptor sensitivity to neurotransmitters. Receptor desensitization reportedly is facilitated by calcium ion (Magazanik and Vyskocil, 1970; Manthey, 1972; Miledi, 1980; Sastry et al., 1984) . Interference with these effects of calcium ion by EGTA or calcium channel blockers may lead to excitation of neurons. It is also possible that calcium ion may be involved in the release of neurotransmitters or endogenous substances which regulate the neurotransmitter's effects on the receptors in the brainstem as in other portions of the central nervous sytem (Pearce et al., 1981; Marchi et al., 1983; Schoffelmeer and Mulder, 1983) . Further studies are needed to clarify the mechanisms of neuronal excitation in the brainstem caused by calcium channel blockers.
Obviously, we do not know from these studies whether the effect of the calcium channel blockers on the brainstem neurons plays a role in their therapeutic action. It has been demonstrated that 14 Clabeled diltiazem accumulates in the brain as much as in the heart and blood vessels following intravenous or oral administration (Sakuma et al., 1971) . It is conceivable that the effects of calcium channel blockers on the central nervous system, as well as other sites in autonomic nerves, may modify the direct effects on cardiovascular function.
In summary, the results of this study suggest that calcium channel blockers administered into the brainstem cause sympathetic withdrawal which results in a decrease in arterial pressure and heart rate. It appears that neurons in the NTS are involved in these responses to calcium channel blockers. Although mechanisms are unclear, these results suggest that calcium ion plays an important role in maintaining integral function of the neurons in the brainstem, particularly in the NTS.
